Although the tandem pore potassium channel TASK-3 is thought to open and shut at its selectivity filter in response to changes of extracellular pH, it is currently unknown whether the channel also shows gating at its inner, cytoplasmic mouth through movements of membrane helices M2 and M4. We 
Introduction
Tandem pore potassium channels help set the resting membrane potential of a wide variety of cells Patel & Honoré, 2001; Kim, 2005) . Among such channels, the acid sensitive TASK-3 (K 2P 9.1) is widely expressed in the central nervous system, regulating the excitability of a number of neuronal populations (e.g. Han et al. 2002 Han et al. , 2003 Washburn et al. 2002; Brickley et al. 2007) . And in the adrenal cortex, the channel plays a crucial role in the regulation of aldosterone secretion from the zona glomerulosa (Czirják et al. 2000; Czirják & Enyedi, 2002) .
Channels of the TASK subfamily are shut by extracellular acidification (Duprat et al. 1997; Kim et al. 1998 ; Leonoudakis et al. 1998; Kim et al. 2000; Rajan et al. 2000) . Protonation of the side chain of a histidine residue, H98, located in the outer mouth of the channel (Kim et al. 2000; Rajan et al. 2000; Lopes et al. 2001; Ashmole et al. 2001; Morton et al. 2003) initiates a conformation change that results in channel closure (Yuill et al. 2007; Stansfeld et al. 2008) . This gating process, occurring at the selectivity filter, is likely to be similar to that described for C-type inactivation in Kv channels (Yellen, 1998; Bichet et al. 2003 ; see also Zilberberg et al. 2001) .
There is currently little or no evidence that mammalian TASK channels are gated at the inner, cytoplasmic mouth. Such channels are, however, modulated by a number of factors. For example, depolarisation of the membrane gates TASK channels open (Lopes et al. 2000; Yuill et al. 2007) , though the effect of voltage is weak compared with that on channels of the voltage gated superfamily. Further, while TASK channels are down-regulated by Gq coupled receptors (Millar et al. 2000; Czirják et al. 2000; Talley et al. 2000) , channel opening is promoted by volatile anaesthetics such as halothane . The responses to Gαq on the one hand and 4770 I. Ashmole and others J Physiol 587.20 to halothane on the other occur independently of the response to extracellular acidification , implying that a further gating mechanism occurs.
Studies of bacterial K + channels in shut (KcsA, KirBac1.1; Doyle et al. 1998; Kuo et al. 2003) and in open form (MthK, Jiang et al. 2002) show gating to involve straightening and flexion of membrane helices about a glycine hinge residue. Such glycine hinge residues are conserved in the M2 and M4 membrane helices of all tandem pore K + channels. This conservation suggests that similar gating changes occur in these channels and may be the mechanism through which TASK channels respond to Gq coupled receptors, to volatile anaesthetics, and to voltage.
Here, we consider the response of TASK-3 channels to voltage as a means of investigating channel gating. We find residues in M2 and M4 whose mutation increases channel open state probability. We also find that mutation of putative hinge glycines (G117 and G231), preventing easy flexion of M2 and M4, holds channels shut. All of these mutant channels show an alteration in the relationship between P open and voltage, though the apparent gating charge is not altered. None of the mutants showed markedly altered sensitivity to changes in extracellular pH. Our results are consistent with channel gating occurring at the channel inner mouth, through movements of M2 and M4.
Since it is proposed that channels are opened and shut both at the selectivity filter (Yuill et al. 2007 ) and at the cytoplasmic mouth, we have used the results of single channel recording to develop a simple kinetic model to test whether the hypothesis of two modes of gating can account for our results (see Discussion). A model with two routes from the open to different shut states accounts well for our results.
Some of the results have been described in abstract form . A similar conclusion has recently been reached by Ben-Abu et al. (2009) for the Drosophila channel KCNK0, which, however, is constitutively open and whose P open is independent of voltage.
Methods

Molecular biology
The human TASK-3 cDNA was cloned by PCR using as template first strand cDNA reverse transcribed from total RNA purified from CAPAN-1 cells (a cell line derived from a pancreatic duct carcinoma; Fanjul & Hollande, 1993) . CAPAN-1 cells were purchased from American Type Culture Collection (ATCC). The resulting product was cloned into the mammalian expression vector pcDNA3 and the entire open reading frame sequenced. For expression in Xenopus oocytes the TASK-3 cDNA was subcloned as a BamH1 fragment into the vector pBF. Mutants were generated by the QuikChange method (Stratagene, La Jolla, CA, USA) and were verified by sequencing of the entire mutant cDNAs.
Electrophysiology: two electrode voltage clamp
Complementary RNAs (cRNAs) were synthesised in vitro from MluI-linearised pBF vector, using SP6 polymerase (Ambion, Inc., Austin, TX, USA). Electrophysiological recordings were carried out on TASK-3 channels expressed in oocytes obtained from Xenopus frogs anaesthetised by immersion in 0.3% (w/v) MS222 and killed by destruction of the brain and spinal cord. Oocytes were injected with up to 50 ng cRNA and recordings were made 1-3 days after injection. Water injected oocytes were used as control in previous experiments (Yuill et al. 2007 ) and native currents were consistently too small to interfere materially with those recorded from TASK channels.
Membrane currents were recorded with a two-electrode voltage clamp using a GeneClamp 500B amplifier, a Digidata 1322A interface and pCLAMP version 10.1 software (all Axon Instruments, Union City, CA). Currents were filtered at 2 kHz and digitised at 10 kHz. Experiments were carried out at room temperature (∼20
• C). Some experiments used a low K + solution containing (mmol l −1 ): 4 KCl, 92 N -methyl-D-glucamine (NMDG), 1 CaCl 2 , 1 MgCl 2 , 10 N -2-hydroxyethylpiperazine-N -2-ethanesulphonic acid (Hepes), pH adjusted to 7.5 using HCl. A low K + solution at pH 5.0 was also used, buffered with 2-(N -morpholino)ethanesulphonic acid (Mes) at 10 mmol l −1 . Experiments testing the response to changes of extracellular pH used high K + solutions, containing (mmol l −1 ): 70 KCl, 26 N -methyl-D-glucamine, 1 CaCl 2 , 1 MgCl 2 , 10 Hepes, pH adjusted using HCl. To test pH sensitivity, we used 10 mM Hepes for solutions at pH 7.0 to 8.0, piperazine-1,4-bis-2-ethanesulphonic acid (Pipes) for pH o 6.5, and Mes for pH o 5.0 and 6.0. In some experiments 10 mM trishydroxymethylaminomethane was used at pH 8.0 and 10 mM Pipes at pH 7.0. The fitting of the time course of currents was done using the pCLAMP fitting routines; the fitting of other experimental results used SigmaPlot, v. 9.0 (Systat Software Inc., San Jose, CA, USA).
(Invitrogen) was used according to the manufacturer's instructions.
For single channel recording, an Axopatch 200A amplifier, Digidata 1322A interface and pCLAMP version 9.02 software were used. Patch pipettes were pulled from thick walled glass (Harvard Apparatus, Holliston, MA, USA) and coated with Sylgard. The pipette solution contained (mmol l −1 ): 2 CaCl 2 , 10 Hepes titrated to pH 7.2 with KOH plus KCl to bring [K + ] to 140 mmol l −1 . The bath solution contained MgCl 2 at 2 mmol l −1 in place of CaCl 2 , and ethylene glycolbis(2-aminoethylether)-N ,N ,N ,N -tetra-acetic acid (EGTA) at 5 mmol l −1 . Recordings were made at room temperature (∼20
• C) from excised, inside-out membrane patches by filtering at 2 kHz (−3 dB, 4-pole Bessel) and digitising at 10 kHz.
Data analysis used the trace analysis (TRACAN) software, written and generously provided by Dr N. W. Davies (Department of Cell Physiology and Pharmacology, University of Leicester). Channel amplitudes were determined by fitting an amplitude histogram of data points. Open and shut durations were determined in single channel patches using a cursor set mid way between the shut and open levels. In fitting such relationships, given the filter setting and digitisation rates, a minimum resolution of 100 μs was applied (Colquhoun & Sigworth, 1995) . No correction was applied for missed events owing to the small reduction in dwell times (∼5%) that resulted from such correction. The distributions of dwell times in open and shut states were fitted with appropriate exponential functions. The distribution of the number of openings per burst was fitted with the geometrical distribution given by Colquhoun & Sigworth (1995) , where the probability P(r) of seeing r openings in a given burst is:
As r increases, P(r) decreases by a step factor ρ, here computed from the observed mean number (μ) of openings per burst by the expression: μ = (1 − ρ) −1 . In multichannel patches, P open was computed by measuring occupancy of different levels of current, with 0, 1, 2, etc. channels open and evaluating N j =1 t j j /TN, where t j is the time spent at level j in a patch containing N active channels, with a duration of recording T. N was chosen as the maximum number of channels seen at positive voltages during the period of recording (≥20 s). Since P open was low in some cases, the estimate for N is likely to be a lower limit, and the values given for P open will be an upper limit.
Results are given as mean ± S.E.M. Where appropriate, ANOVA was used to test for significance of difference.
Kinetic modelling
A four-state kinetic model of TASK-3 with three shut and one open states (see Discussion, Scheme 1) was constructed and fitted against data derived from the analysis of single channel recordings from wild and mutant types.
The backward and forward transition rates between any two different states were modelled as exponential functions of membrane potential of the form found in Eyring barrier models. Various measured quantitiesthe distribution of open and brief shut dwell times, the number of openings per burst and the open probability -were calculated as functions of these transition rates (Colquhoun & Hawkes, 1995) and then simultaneously fitted against single-channel experimental data, using a non-linear least squares algorithm implemented in the function lsqcurvefit from the MATLAB (The Mathworks, Inc., Natick, MA, USA) Optimization Toolbox. The fitting was first done against data from wild-type channels and repeated for data from a mutant channel type (A237T). The fitting was based on a three-state subset of the four-state model (formed by state 1, state 2 and state 3; see Scheme 1), which was sufficient for estimating the complete set of transition rates that appear in the four-state model.
Computational chemistry and molecular modelling
We have previously built models of TASK-1 in putative shut and open states (Yuill et al. 2007 ). Here, a homology model of TASK-3 (SWISS-PROT ID: Q3LS21; Boeckmann et al. 2003) was created, using Modeller 7v7, based on the pore domain of the KvAP crystal structure (PDB ID: 1ORQ; Jiang et al. 2003) . The P1 and P2 segments of TASK-3 were treated as separate entities and modelled onto individual subunits of KvAP. In this modelling of P1 and P2, we considered residues only from the N-terminal ends of the pore helixes through to the C-terminal ends of the inner helices (M2 and M4, respectively). Thus P1 was modelled from Phe80 to Phe135 and P2 from Phe186 to Thr251, with twofold symmetry restraints applied to the dimer.
Results
The effect of membrane potential on TASK-3 currents TASK channels show a weak dependence on voltage. Figure 1A shows currents in wild-type TASK-3 recorded from a Xenopus oocyte, in 4 mM K + solution under two electrode voltage clamp. Leakage and capacity transients have been subtracted so far as possible by taking the difference between currents at pH 7.5 and at pH 5, where channels are shut by protonation. Depolarisation J Physiol 587.20 over a voltage range from −100 mV to +50 mV gave currents which increased substantially with time, reaching a steady state in several milliseconds. Thus the relationship between steady state current and membrane potential shows outward rectification in part because channels open under depolarisation ( Fig. 1C ; see also Fig. 2B ).
Currents were fitted ( Fig. 1B ) with the expression:
Neither of the time constants showed a marked dependence on voltage (data not shown). The faster (τ 1 ) of the two time constants had values between 2.3 and 3.8 ms for the currents shown in Fig. 1A and B. The slower time constant, τ 2 , had values in the range 10-17 ms. Similar results were found with three oocytes at pH 7.5 and 5 and with seven oocytes at pH 7 and 5. Similar results have also previously been described for TASK-1 (Yuill et al. 2007 ). (Fig. 2Ab) . To illustrate the point, the variance of current at the open level (after subtraction of the baseline variance) was increased from 0.104 ± 0.017 pA 2 at −120 mV (n = 6) to 0.172 ± 0.028 pA 2 at +120 mV (n = 6). The 71% increase is significant (P = 0.0125), using a paired t test. In the patches analysed in this way, the current amplitude was 55% smaller at +120 mV, Figure 1 . TASK-3 currents show voltage dependence A, current records obtained from channels expressed in Xenopus oocytes under two electrode voltage clamp; these currents were obtained in 4 mM K + solution (pH 7.5) with the membrane held at −80 mV, after stepping to −100 mV for 100 ms. Currents are shown for voltage steps from −100 mV, increasing in 10 mV increments to +50 mV. Currents recorded at pH 5.0, when TASK-3 currents were substantially inhibited, have been subtracted. B, the Levenberg-Marquardt least squares routine in pCLAMP10 was used to fit current (data points) at +50 mV to the expression: I = A 1 exp(−t/τ 1 ) + A 2 exp(−t/τ 2 ) + C . The fit (continuous line) was made between 2.5 and 62.5 ms after the start of the test pulse. At +50 mV, τ 1 was 2.6 ms, while τ 2 was 11.6 ms. A 1 , A 2 and C were −1.38, −0.21 and 1.67, respectively. C, relationship between steady state current (ordinate) and membrane potential (mV). The continuous line gives a spline curve through the points. The dashed line indicates the fit to constant field theory, where
} with P K = 6.38 × 10 −8 cm 3 s −1 and with [K + ] i = 115 mmol l −1 . Constant field rectification fits only in the steady state. compared with −120 mV, a difference that was also significant (P < 0.001). Omission of Mg 2+ from the bath (intracellular face of the patch) solution did not abolish the rectification (data not shown). The unitary conductance of human TASK-3, obtained from the hyperpolarising limb of the current voltage relation, was 18.7 ± 0.7 pS (n = 17). Analysis ( Fig. 2C and D) of the microscopic kinetics gives open times whose distribution fits a single exponential function. The distribution of shut times may be fitted as the sum of two exponential elements, as anticipated from the fit made to macroscopic currents ( Fig. 1; eqn (2)). In the single channel patch illustrated, bursts
Figure 2. Properties of unitary currents from TASK-3 channels
Aa, unitary currents, obtained from a patch containing a single active channel. Currents were recorded at −120 mV in high K + (140 mmol l −1 ) solution, digitising at 10 kHz (filter, −3 dB at 2 kHz). A long interval between the topmost and the middle record is not illustrated. Ab, unitary currents from the same patch at +120 mV, where currents are outward; here the upper level indicates open. B, unitary current (ordinate), plotted against voltage (abscissa) for wild-type channels in high K + solution. Symbols give mean and error bars ± S.E.M. (n = 7-16 patches). The line gives the best fit to the hyperpolarising limb of the current-voltage relationship: outward currents were smaller than predicted from a linear relationship expected with symmetrical K + (140 mmol l −1 ). C, distribution of open times for the recording illustrated in A, measured using a cursor set midway between open and shut states, with the time for minimum resolution set at 100 μs. The occurrence of dwell times (ordinate; square root scale) is plotted against dwell time in the open state (log scale, abscissa), according to the convention introduced by Sigworth & Sine (1987) . The measured values are shown as a histogram in grey. The line gives the best fit, made using a maximum likelihood estimation, with a mean open time of 1.15 ms. 580 openings were detected during the recording. In this patch, open times were 1.58 ms at −100 mV and 1.17 ms at −80 mV. D, distribution of shut times: occurrence (ordinate, square root scale) is plotted against the dwell time in shut states (abscissa, log scale). The relationship is fitted with the sum of two exponential components, with time constants of 0.32 and 370 ms. The probability density function for the distribution of shut times is: pd f shut = 0.14. exp(−t/0.32) + 207 exp(−t/370). E, the occurrence of bursts (ordinate) plotted against the number of openings per burst. Bursts were delineated using the criterion of Colquhoun & Sakmann (1985) , choosing a critical time (1.72 ms) that equalised the proportion of short and of long shut times that were misclassified. Burst durations (not illustrated) were themselves fitted with an expression with two exponential elements, as anticipated from their inclusion of both openings and brief closures. The mean number of openings per burst was 1.59. The number of openings per burst is fitted with the geometric distribution given by eqn (1) in the text (Colquhoun & Sigworth, 1995) (Fig. 2E ). Owing to a marked increase in noise in the open level and the reduced amplitude of outward currents (Fig. 2Ab) , we used only inward currents to measure dwell times in open and shut states.
Patches containing several channels were also used to measure mean open time and estimate the number of openings per burst. Elements of records were used where openings reached one level only. For all patches analysed, the mean open time for wild-type channels was 1.57 ± 0.17 ms (n = 6) at −120 mV, and the number of openings per burst was estimated to be 1.53 ± 0.09 (n = 6) at this voltage. Figure 3A shows this increase recorded in a number of inside-out patches, most of them containing more than one channel. Channel openings appeared to be independent of each other, with the probability of seeing one, two, three, etc. levels of openings being distributed as expected from binomial theorem (data not shown). The increase in P open was fitted with a Boltzmann expression of the form:
where V is the voltage at which P open is 0.5 and k is a factor determining steepness. In wild-type channels (Fig. 3A) , V is +456 mV and k is 146 mV, suggesting a gating charge (RT/Fk) of 0.17. Such a fit makes a rather severe extrapolation from information from the foot only of the Boltzmann relation. However, the assumptions are not unreasonable since a plot of ln(P open ) against membrane potential (Fig. 3B ) is a line whose slope gives a value of 0.16 for gating charge, little different from that found from the Boltzmann relationship. Further, the relationship that is used to fit the voltage dependence of P open in wild-type channels (Fig. 3A) may also be used to fit its voltage dependence in all mutant channels with alteration only in the quantity V (see below and online Supplemental Material, Supplemental Fig. 1 ).
The mutant A237T has a raised open state probability.
De la Cruz et al. (2003) described a gain of function mutation, A237T, in the product of the sup-9 gene of C. elegans. The product of the sup-9 gene is a TASK-channel homologue, and the mutant raised K + permeability in muscle, paralysing normal movement. We have made the same mutation (A237T) in the membrane helix M4 of TASK-3 (Fig. 5A ). (The numbering of residues happens to be the same in the sup-9 product and in human TASK-3.)
Single channel recording immediately shows that channel P open is considerably raised at a given voltage from its value in wild-type. Unitary current records from a single channel patch (Fig. 4A) show more frequent, longer periods of opening (Fig. 4C) , grouped into longer bursts (Fig. 4E) . Unitary currents are larger in A237T (Fig. 4B ) and the conductance (γ = 22.8 ± 0.8 pS; n = 9) is significantly higher than in wild-type (P < 0.01). As with wild-type, the distribution of open times could be fitted assuming a single type of open state (Fig. 4C) . Similarly, shut times are fitted with the sum of two exponential distributions (Fig. 4D) . While there was an increase in the proportion of short closures, their mean duration was little different from that found in wild-type. Long closures were less frequent and shorter on average in duration (Fig. 4D) . The occurrence of bursts with different numbers of openings may again be fitted with the geometric distribution used to fit wild-type (eqn (1)), with the mean number of openings per burst raised to 6.27 in the single channel patch illustrated (Fig. 4E) .
In all patches, including those containing more than one channel, mean open time was 3.80 ± 0.18 ms (n = 9) at −120 mV, significantly higher than for wild-type (P < 0.001; Fig. 5E ). The number of openings per burst for all patches with A237T was 4.51 ± 0.34 (n = 9) at this voltage, again significantly higher than in wild-type (P < 0.001). The dashed line gives the fit to wild-type (from Fig. 2D ) scaled to have the same maximum height for the briefer component of closures. The A237T channel visits a long lived shut state less frequently and for a shorter time. E, the occurrence of bursts (ordinate) plotted against the number of openings per burst. The mean number of openings per burst was 6.27. As in wild-type, the distribution of burst durations (not illustrated) could be fitted with an expression with two exponential elements owing to the presence of both openings and brief closures. The continuous line in E is the fit to a geometric expression (Colquhoun & Sigworth, 1995) assuming a single open state. The dashed line is the fit used for wild-type (Fig. 2) , scaled to have the same value when there is only one opening in a burst.
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Figure 5. Mutants of M2 and M4 alter P open of TASK-3 channels
A, sequence of M2 and M4 of TASK-3 channels. The positions of A237, N133, G117 and G231 are indicated by underlining. B, relationship between P open (ordinate) and membrane potential (abscissa) for mutants A237T (semi-filled squares, mean ± S.E.M., n = 6), N133A (grey inverted triangles; n = 4), N133A/A237T (open triangles; n = 5), G117A (open inverted triangles; n = 4) and G231A (grey triangles; n = 6). The results for wild-type are given as filled circles. The fits are given by the Boltzmann relation (eqn (3) in the text) used to fit the results from wild-type with only the mid-point of the relationship at V altered. For gain of function mutants, the relationship is shifted by 344 mV (less positive from its position in wild-type) for A237T, 184 mV less positive for N133A, and 252 mV less positive for the dual mutant N133A/A237T. For loss of function mutants, V shifted 216 mV more positive for G117A and 265 mV more positive for G117A. C, structure of a mutant TASK-3 channel modelled in an open state, using the structure of KvAP (Jiang et al. 2003) as template. It is hypothesised that channels open through flexion of M2 and M4 around hinge glycines G117 and G231. The positions of these hinge glycines are indicated as spheres in the helices M2 and M4. Gain of function mutants stabilise the open state through altered side chain-side chain interactions between residues. A possible H-bond between Thr in position 237 of M4 (in mutant A237T) and N133, which may contribute to stabilising the open state, is indicated. The model gives a bond length of 3.2Å. The methyl group of A237 appears to make no hydrophobic contacts with surrounding atoms in a model of the open form of wild-type, which otherwise has an identical conformation to that shown. A model of wild-type TASK-3 in the shut state (see Yuill et al. 2007 for details of the template used) suggests that, in wild-type, Figure 6 . Mutants G117A, G231A and A237T retain pH sensitivity A, currents recorded from wild-type (filled circles) and G117A mutant channels (inverted triangles), normalised to their values at pH o 8.0 (ordinate), plotted against extracellular pH (pH o ; abscissa). The error bars indicate ± S.E.M.; results are from 15 oocytes for wild-type and 5 for G117A. The normalised currents (I ) are fitted by the expression:
where a represents the fraction of current affected and b the fraction unaffected by altering pH o ; K a is the dissociation constant of a protonation reaction. pK a was 6.46 for wild-type and 6.42 for G117A at the voltage illustrated (−40 mV). Currents were recorded under two electrode voltage clamp after expression of channels in Xenopus oocytes. B, normalised current (ordinate) plotted against pH o (abscissa) for wild-type (black circles) and G231A mutant channels (grey triangles). pK was 6.78 for G231A at the voltage illustrated (−40 mV). The results for G231A are from 5 oocytes. C, normalised current (ordinate) plotted against pH o (abscissa) for wild-type (black circles) and A237T mutant channels (semi-filled squares). The recordings in A237T were from 6 oocytes. pK was 6.38 for A237T at the voltage illustrated (−40 mV). Currents recorded through A237T channels were larger than those seen in wild-type, in spite of the reduced amount of cRNA injected to give expression.
Mutants of M2 and M4
that raise P open . For A237T, the relationship between P open and voltage (Fig. 5B ) was similar to that for wild-type, but was shifted 344 mV to less positive voltages (see also Supplemental Fig. 1 ). P open was significantly increased over that found for wild-type for a given membrane potential (P < 0.001 at each voltage measured). The change in the value of V in eqn (3) when the channel is mutated from wild-type to A237T is equivalent to a change in the energy difference between open and shut states of 5.4 kJ mol −1 . The finding argues that different side chain-side chain interactions occur in open and in shut states and is consistent with movement of M4 in the conformation change that occurs upon gating.
A model of TASK-3 in an open state, built using KvAP as template (Fig. 5C ), assumes channel opening occurring through flexion of M2 and M4 around hinge glycines (G117 and G231). In wild-type, modelling of the open form of the channel suggests that the methyl of the A237 side chain acts as a small space filler, making no obvious hydrophobic contacts with surrounding atoms (not shown). However in the mutant form, an H-bond is predicted between Thr at position 237 and an Asn residue in position 133 (in M2; Fig. 5A ), contributing to holding the channel open. The putative H-bond is predicted to occur between residues of the adjacent subunits.
However, the mutant N133A ( Fig. 5A ; mutation of M2) also significantly raised both P open (P < 0.05 at all positive voltages measured; Fig. 5B) , and mean open time (P < 0.01; Fig. 5E ). The effect will also reflect altered side chain-side chain interactions, but our modelling currently gives us no insight into the nature of these modified interactions. The dual mutant N133A/A237T raised P open (Fig. 5B) , but by an amount significantly less than that seen in A237T (P < 0.05, except for −120 mV). Mean open time (2.59 ± 0.21 ms at −120 mV, n = 7) was also increased significantly over its value in wild-type (Fig. 5E) , and, in parallel with what is found for P open , the increase was significantly less than A237 contributes to stabilising the shut state through an interaction with L128 in M2 (not shown). D, relationship between lnP open (ordinate) and membrane potential (abscissa) for mutant channels N133A (grey inverted triangles); G117A (grey triangles) and G231A (open inverted triangles, mean ± S.E.M.; n = 6). The results are fitted assuming that P open increases exponentially with depolarisation with a gating charge identical with that found for wild-type. A least squares fit to each relationship gave a gating charge of 0.14 for G117A, 0.18 for G231A and 0.15 for N133A, similar to the value of 0.16 found for wild-type (see also Fig. 3B ). E, bar chart illustrating mean open time (ordinate) for channels at −120 mV for wild-type channels (n = 6) and for mutants A237T (n = 9), N133A (n = 5), N133A/A237T (n = 7), G117A (n = 4) and G231A (n = 7). The mutants are indicated on the abscissa. The error bars give ± S.E.M. Significance of difference from wild-type is indicated by * * * (P < 0.001), * * (P < 0.01), or * (P < 0.05).
J Physiol 587.20 Figure 7 . Modelling the gating kinetics of TASK-3 with a four-state model A, relationship between P open (ordinate) and membrane potential (abscissa) for the wild-type channel (WT) and the A237T mutant. Results are given as means ± S.E.M. and plotted for wild-type (filled circles) and A237T (semi-filled squares) at the voltage used in recording. The continuous line gives the predicted values for P open in wild-type, using the four-state model -CO (state 1), OC (state 2), OO (state 3) and CC (state 4) -described by Scheme 1. Similarly, the dashed line indicates the predicted values for P open in A237T, using the same four-state model. For wild-type, the estimated transition rate constants are given by the expressions: q 13 = 2.87 exp(0.000936V) ms −1 ; q 31 = 0.226 exp(−0.000573V) ms −1 ; q 23 = 0.0105 exp(0.00101V) ms −1 and q 32 = 0.238 exp(−0.00586V) ms −1 . For A237T the expressions are: q 13 = 2.87 exp(0.000928V) ms −1 , q 31 = 0.157 exp(−0.00245V) ms −1 ; q 23 = 0.0122 ms −1 and q 32 = 0.0260 exp(−0.00782V) ms −1 . The membrane potential V is given in mV. With A237T, the fit to the model predicted that q 23 is independent of voltage. B, the continuous and dashed lines give the number of openings per burst (ordinate) for wild-type (WT) and A237T, respectively, as a function of membrane potential (abscissa) predicted from the four-state model. The data points for wild-type and A237T are represented as above in A. The data plotted for N133A (grey inverted triangles) were adjusted in their position along the abscissa by subtracting the shift in the Boltzmann relationship used in Results (eqn (3)) to fit the open state probability in these mutant channels. Similarly good fits were achieved for other mutants using a similar strategy (not shown). C, the continuous and dashed lines give the fit to mean open time (ordinate) for wild-type (WT) and A237T respectively, plotted against membrane potential (abscissa).
that seen in A237T (P < 0.001), but not significantly different from that in N133A (P > 0.05). The number of openings per burst at −120 mV was 2.66 ± 0.13 (n = 5)for N133A and 3.85 ± 0.77 for N133A/A237T. The value for N133A/A237T is significantly higher than that found for wild-type (P < 0.01), but is not significantly lower than that found for A237T.
Our use of the Boltzmann expression of eqn (3) suggests that the gating charge is not altered by mutation. We have tested this in a number of ways. First, we have fitted eqn (3) to the measurements for wild-type and for all mutants. Such a procedure gives a gating charge of 0.17 (with a standard deviation for the fit of 0.02) -the same value as that found for wild-type alone. Secondly, we show plots of lnP open for mutants where P open is sufficiently low that the values are still close to the foot of the relationship (Fig. 5D) . Thirdly, we show P open for all mutants plotted against (V -V ) as Supplemental Fig. 1 . The hypothesis that gating charge is unaltered in the mutants we have made fits the results well.
Coupling energy. The effects of the two mutations (N133A and A237T) on the voltage dependence of P openon the value of V in eqn (3) -would be expected to add in a simple way if the residues do not interact in any way (see for example, Carter et al. 1984; Horovitz, 1987; Hidalgo & MacKinnon, 1995) . Thus, in the absence of an interaction, ( G mm ) for the double mutant. The energy differences are 4.5 ( G mw ) and 2.1 kJ mol −1 ( G wm ), respectively, for the mutants N133A and A237T. Since the equality required by eqn (4) does not hold, these results give a coupling energy of 4.3 kJ mol −1 , consistent with an interaction between Thr in position 237 and Asn in position 133 in the mutant A237T. We believe the results are consistent with an H-bond contributing to the stabilising of the open state in A237T as predicted by the structural model (Fig. 5C ).
The strength of a hydrogen bond varies (for example with bond length, bond angle, and the polarity of the microenvironment; see for example Gao et al. 2009 ). Fersht et al. (1985 give the energy for H bonds between uncharged groups in the range 0.5-1.5 kcal mol −1 (2.1-6.3 kJ mol −1 ). Since in the dimeric mutant channel two H-bonds would be formed to help stabilise the open state, our estimate of 4.3 kJ mol −1 is in the range given by Fersht et al. (1985) and our results are consistent with the hypothesis of the model of Fig. 5C .
Mutation of hinge glycines reduces P open .
To test further whether channels open and shut in the way envisaged in Fig. 5C , by flexion around hinge glycines, we have also made the relatively conservative mutations G117A in M2 and G231A in M4. Both mutants have a reduced P open . Here the relationship between P open and voltage was shifted to more positive voltages compared with wild-type channels ( Fig. 5B and D) , as anticipated from the gating hypothesis. In G231A, the mean open time was significantly reduced from that in wild-type to 0.75 ± 0.10 ms at −120 mV (n = 7; P < 0.05; see Fig. 5E ). The number of openings per burst for G231A at −120 mV was 1.23 ± 0.04 (n = 7). The mutants favour the shut state and a larger depolarisation is required to open channels.
With the exception of A237T, in none of the mutants of M2 and M4 was the unitary conductance significantly altered from the value found in wild-type (P > 0.05 in each case). The values were: N133A, 21.9 ± 0.3 pS (n = 5); N133A/A237T, 20.1 ± 0.7 pS (n = 7); G117A, 15.4 ± 0.6 pS (n = 5); and G231A, 18.3 ± 1.4 pS (n = 7). Further, although mean open time (Fig. 5E ) and number of openings per burst (not illustrated) were altered, in none of the mutants was the briefer population of shut times altered significantly in duration (see also Figs 2 and 4). have emphasised that in TASK-1, mutations that alter the responses to gating by receptors Transition rates and data points for open time are as above in A and B. D, the continuous and dashed lines give the duration of two classes of brief closures (τ 1 and τ 2 ; ordinate) predicted by the four-state model for wild-type (WT) and for A237T respectively as functions of the membrane potential (abscissa). Again, transition rates and data points are as above. The duration of the two classes of brief closures are very similar for both the wild-type and A237T and would not be identified experimentally. For the wild-type channel, the predictions of the model for τ 1 are given as a continuous black line; those for τ 2 are shown as a short dashed black line. For A237T, the predictions for τ 1 are given as a long dashed grey line and for τ 2 as a dotted grey line. E, the equilibrium position of the two gating modes (fast and slow) are plotted as log 10 (q 13 /q 31 ) and log 10 (q 23 /q 32 ), respectively, against the membrane potential for wild-type (continuous and short-dashed lines) and for A237T (long-dashed and dotted lines) channel types. Voltage and mutations in membrane helices M2 and M4 affect principally the slower (log 10 (q 23 /q 32 )) conformational change, owing to large change in q 32 . J Physiol 587.20 coupled to Gq or to volatile anaesthetics fail to alter the response to extracellular acidification. If the response to voltage involves a conformation change similar to that envisaged with Gαq or with halothane -opening and closing through flexion of M2 and M4 around hinge glycines -it is anticipated that the response to acidification will also be little altered in the mutants A237T, G117A and G231A. This expectation turns out to be correct. Figure 6 shows the results of measurements of potassium currents recorded by two electrode voltage clamp in oocytes in different pH o . Currents are plotted after being normalised to their value in pH 8.0. Since currents would be expected to be smaller in G117A and G231A, but larger in A237T, owing to differences in P open at any given voltage, we injected 60-to 80-fold more cRNA into oocytes to obtain measurable current for mutants G117A and G231A and 2-to 3-fold less cRNA for A237T. In these three mutants, acidification reduces currents in G117A and G231A ( Fig. 6A and B) and in A237T (Fig. 6C ) much as it does in wild-type, with little apparent change in pK . The result for A237T corrects the account we have previously reported in abstract form, that A237T gives currents that are independent of changes of extracellular pH Yuill et al. 2005) . We have been unable to repeat that observation and have been unable to uncover the cause of our previous error.
Mutants and the response to extracellular acidification
Our results (Fig. 6 ) are in agreement with the expectation that gating in response to acidification does not involve gating at the cytoplasmic mouth of the channel.
Discussion
We have used both two electrode voltage clamp and single channel recording to investigate the response of TASK-3 channels to voltage. These channels have a very low P open at negative voltages, but respond to depolarisation with an increase in this quantity. P open increased 2.1-fold between −70 and +40 mV, as measured in 140 mM K + o solutions (Fig. 3) , similar to the 2.0-fold increase that occurred when external pH was increased from 6.0 to 7.0 (Fig. 6) .
We show that the response to voltage occurs through opening and closing of the channel at its inner mouth, through movement of the inner membrane helices M2 and M4. Thus, mutants where residues close to this inner mouth are altered (A237T, N133A and N133A/A237T) stabilise the open state; mutants of hinge glycine residues (G117A and G231A) reduce the time spent open. The mutants shift the relationship between P open and voltage: A237T and N133A to less positive voltages; G117A and G231A to more positive voltages. Mutants that alter side chain-side chain interactions in the region where gating occurs alter the stability of shut and open states. Our results, analysed using the theory of mutant cycles (Carter et al. 1984; Horovitz, 1987; Hidalgo & MacKinnon, 1995) We do not have an explanation as to how the response to voltage is initiated. It occurs in the absence of any obvious voltage sensor, such as is found in Kv channels. In KcsA, voltage-dependent gating occurs in part at the selectivity filter and is driven by a charged residue (E71) in this filter (Cordero-Morales et al. 2006) . No such charged residue is present in either TASK-1 or in TASK-3 and introducing a charge into the filter of TASK-1 did not alter the response to voltage (Yuill et al. 2007) . Further, replacement in TASK-3 of certain charged residues elsewhere in the structure -in mutants K107Q, E130Q and R245Q -appears not to affect the response to voltage (data not shown). Nor does voltage sensing arise from the dipole moment of the helices that move to open the channel. These moving elements are the C-terminal parts of M2 and M4, lying on the cytoplasmic side of the hinge glycines G117 and G231. In each case, the negatively charged end of the dipole is at the cytoplasmic end (the C-terminal end) of the helices. If the helix dipole senses voltage field, the helices M2 and M4 would straighten under depolarisation, favouring the shut state. A possibility is that increasing occupancy by K + raises P open and certainly the response to voltage is affected by the concentration of permeant ions (Lopes et al. 2000) .
Whatever the mechanism that initiates the response to voltage, there are striking parallels between this response and the response of K 2P channels to Gq coupled receptors (Millar et al. 2000; Czirják et al. 2000; Talley et al. 2000) and to volatile anaesthetics . The response to halothane is regulated by residues in M2 and M4, close to the cytoplasmic mouth, both in a TASK homologue in Lymnaea (Andres-Enguix et al. 2007 ) and in TASK-1 . The region is also involved in down-regulation of channels by Gq coupled pathways Veale et al. 2007) . The response to both Gαq and halothane and the response to voltage (this paper) occur apparently independently of the response to acidification. gates will be associated principally with the selectivity filter of the channel and the other with its cytoplasmic mouth. Shutting of each gate results either in a slow (OC→OO/CC→CO) or in a fast (CO→OO/CC→OC) state transition, which we shall refer to as the 'two modes of gating' of the channel. Some results from fitting the model of Scheme 1 against data from wild-type and A237T mutant channels (see Methods) are given in Fig. 7 . In formulating the model, we have used P open (Fig. 7A) , number of openings per burst (Fig. 7B) , mean open time (Fig. 7C ) and mean duration of brief closures (Fig. 7D ). Since we have relatively little information from single channel patches in wild-type at positive membrane potentials, we have also used information from recordings from N133A to augment these data (see legend to Fig. 7) .
The model fits well the single channel data in both the wild-type (WT; continuous lines) and A237T (dashed lines) channels (Fig. 7A-D) , indicating that a minimal kinetic mechanism incorporating two types of conformational change (presumably corresponding to opening and shutting at the selectivity filter and at the cytoplasmic mouth of the channel) is sufficient to explain important aspects of single-channel activity in wild and mutant types. However, the model underestimates the duration of long closures in wild-type by 65% and overestimates the duration in A237T by 80%, both at −120 mV (data not shown).
Naturally, a four state model predicts two classes of brief closures (τ 1 and τ 2 ; Fig. 7D ), instead of the single class found experimentally (Figs 2 and 4) . However, since their lifetimes are virtually identical, these two classes of brief closures would not be discriminated in single channel recording. Figure 7E shows the equilibrium position for the two modes of gating of the channel, represented as q 13 /q 31 (fast) and q 23 /q 32 (slow) for wild-type and A237T. The slower gating process (q 23 /q 32 ) is the one more affected by voltage and by mutation, with mutation affecting principally the transition rate constant q 32 , which determines entry into the long lived shut state.
